Summary In this cross-sectional study, we found that areal bone mineral density (aBMD) at the knee and specific tibia bone geometry variables are associated with fragility fractures in men and women with chronic spinal cord injury (SCI). Introduction Low aBMD of the hip and knee regions have been associated with fractures among individuals with chronic motor complete SCI; however, it is unclear whether these variables can be used to identify those at risk of fracture. In this cross-sectional study, we examined whether BMD and geometry measures are associated with lower extremity fragility fractures in individuals with chronic SCI.
Introduction
Individuals with spinal cord injury (SCI) experience a substantial decline in bone mass in the lower extremity following their injury, predisposing them to an increased risk of low-energy, lower extremity fracture [1] [2] [3] . Low-energy fractures or fragility fractures are common after SCI, often occurring during activities of daily living such as transferring from wheelchair to bed, rolling in bed, or bumping into unseen objects [4] [5] [6] [7] . The majority of fragility fractures among individuals with SCI occur at the distal femur or proximal tibia [1, 3] . An individual with SCI has approximately twice the risk of experiencing a lower extremity fracture for each 1 standard deviation (SD) decrement in hip and femoral neck T-score when compared to age-matched and gender-matched individuals without SCI [8] . Fragility fractures often result in increased healthcare costs, short-term hospitalization, increased disability, and mortality [4, 9] . Therefore, establishing strategies to improve the identification of individuals at high risk of fragility fracture would enable the implementation of fracture prevention strategies.
Dual-energy X-ray absorptiometry (DXA) is routinely used to assess areal bone mineral density (aBMD), diagnose osteoporosis, and quantify fracture risk among postmenopausal women and men over the age of 50 [10] . Clinical practice guidelines recommend that risk factors such as age, sex, prior fragility fractures, and glucocorticoid use be incorporated with aBMD to assess fracture risk [11, 12] . However, current fracture risk assessment paradigms are not designed for use in individuals <50 years of age [10] , which may limit their applicability in the SCI population as the average age at injury in this population is 39.5 years [13] . Further, the risk factors for fracture after SCI that have emerged to date, such as low body mass index, completeness of injury, and duration of injury (DOI), are not accounted for in current risk assessment tools [14] . Finally, standard assessments of aBMD are performed at the spine and hip, but in SCI, studies often measure aBMD of the distal femur and proximal tibia [15] [16] [17] as it is the most common site of significant bone loss [18] and fractures in this population [19, 20] . Garland et al. have reported DXA-based aBMD fracture thresholds, values below which fractures occur, at the knee of 0.78 g/cm 2 [19] . However, there are no available prospective data or large cross-sectional studies to verify correlates of fracture using validated knee region DXA protocols. Further, in the SCI population, it is often difficult to obtain accurate scans of the lumbar spine due to the presence of artifacts, including posterior element changes, laminectomy, hardware, and/or scoliosis, and the hip region due to subluxation, dislocation, flexion contractures, or heterotopic bone formation.
aBMD assessments using DXA cannot distinguish between cortical and trabecular bone compartments or evaluate bone quality, geometry, or microarchitecture. Peripheral quantitative computed tomography (pQCT) is a noninvasive technique that provides a measurement of volumetric bone mineral density (vBMD), and is able to differentiate between trabecular and cortical bone compartments, with no need for the participant to transfer from their wheelchair for scan acquisition. Assessment of trabecular and cortical structure and geometry may improve fracture risk prediction [21] [22] [23] .Currently, there have been a limited number of studies that have examined bone quality among individuals with SCI using pQCT. These studies report decreases in trabecular volumetric bone mineral density (TbvBMD), cortical thickness (CTh), and stress-strain index by 15-49 % [15, 24] , 17-47 % [15, 25] , and 17-19 % [25] , respectively. It has been suggested that TbvBMD at the distal tibia epiphysis below 72 mg/cm 3 is associated with prevalent fractures in males with complete SCI [20] ; however, it is unknown if this finding extends to females or individuals with incomplete injuries (American Spinal Cord Injury Association Impairment Scale (AIS) C-D).
The objective of this study was to examine whether DXAbased measures of BMD or pQCT-based estimates of bone geometry at the tibia are associated with lower extremity fragility fractures in men and women with chronic SCI.
Methods

Study participants
We used the baseline data from a 2-year prospective longitudinal study being conducted at the University of Waterloo and the Lyndhurst Centre, Toronto Rehabilitation Institute, UHN for the current cross-sectional study. Baseline assessments were completed between April 2009 and June 2012. To establish a representative sample of the SCI population; men and women ≥18 years of age with spinal cord impairment [C1-L2 AIS A-D] of sudden onset (<24 h) were included in this study. To ensure that participants were neurologically and medically stable and had low bone mass typical of sublesional osteoporosis, participants included were at least 2 years post injury prior to enrolment. Participants were excluded if they had (a) a current or prior known condition, other than paralysis, known to influence bone metabolism including oral glucocorticoid use ≥3 months, malignancy, and known liver disease or malabsorption condition; (b) a body weight ≥270 lbs (maximum body weight for DXA); (c) planned to become pregnant or were pregnant at enrolment; or (d) contraindications to pQCT including bilateral lower extremity metal implants or severe hip and knee flexion contractures. Participants were recruited from the Lyndhurst Long-term Follow-up Database and the Outpatient Service Programs at Toronto Rehab's Lyndhurst Centre and Hamilton Health Sciences, Chedoke site. All participants gave written informed consent for participation. The appropriate institutional review boards approved study conduct.
Medical history and demographics
Past and current medical history, current medication (including bisphosphonate use), demographic, lifestyle, and impairment data were obtained via participant interview and chart abstraction by a research coordinator or research associate. The participants' neurological level of injury and AIS classification were determined by a physiatrist (BCC) using the International Standards for Neurologic Classification of SCI [26] . Height (in centimeters), weight (in kilograms), and waist circumference (in centimeters) were also recorded. Height was self-reported, while weight was measured using a scale (Model 6059, BMH Medical Inc., Addison, IL, USA) attached to the ceiling lift during transfer from wheelchair onto the DXA scanning bed. If the participant did not require a ceiling lift to transfer, they were weighed in their wheelchair to the nearest 0.1 kg on a floor scale (Model 513-417, Stathmos Scale Manufacturing Limited, Milliken, ON, USA). Once transferred to the DXA plinth, the participant's wheelchair was weighed, and this weight was subtracted from the total weight (participant and wheelchair) to calculate the participant's body weight. Waist circumference was measured after normal expiration below the lowest rib in the supine position with a Gulick II Tape Measure (Model 67019, Country Technology Inc., Gay Mills, WI, USA) [27] .
Lower extremity fragility fractures
Participants were asked about the time, cause, and location of any fractures that occurred following their injury. Fragility fractures were verified through the participants' medical records and X-rays, in which a written informed consent was obtained for health record abstraction. Protocols for verifying fractures and obtaining records were modeled after those used in the Canadian Multicentre Osteoporosis Study, a population-based cohort study of 10,000 individuals across Canada [28] .
Individuals with a history of at least one lower extremity fragility fracture (cases), excluding toes, were compared to those without a fracture (controls). Fragility fractures were those that occurred due to minimal or no trauma. Fractures caused by high-energy trauma or fractures that occurred prior to injury, or at the time of the injury, were removed from the data set and excluded from the analysis.
aBMD by DXA aBMD (in grams per square centimeter) was assessed by DXA (4500A, Hologic Inc., Waltham, MA, USA). The left hip (total hip and femoral neck), right distal femur, and right proximal tibia were scanned; in cases of severe spasticity, prior left hip pathology or regional surgery, or other contraindications, the alternate limb was scanned. The site was equipped with a ceiling lift to transfer participants on and off the scanning table. Participants were positioned supine on the scanning table. Each skeletal site took approximately 6 min to scan. The hip scans were analyzed using commercially available software from Hologic Inc. A lower extremity positioning device and knee aBMD protocol, whose reliability and accuracy have been previously determined [29] , was used to acquire the scans for the distal femur and proximal tibia. A lower extremity polycarbonate positioning device, not recognized by the densitometer, is used to maintain optimal positioning during scan acquisition, ensuring the knee joint is perpendicular to the long axis of the femur, ensuring reliable overlap of the patella above the knee joint line, and limiting overlap of the fibular head over the proximal tibia. Scan acquisition places the laser crosshair 5 cm distal to the inferior border of the patella for the distal femur and 23 cm distal to the superior border of the patella for the proximal tibia. Total scan length is 24 cm for both the distal femur and proximal tibia. Scans are acquired and analyzed using the Hologic lumbar spine software (Fig. 1) . The width of the distal femur and proximal tibia are measured in pixels and multiplied by 5.36 for the femur and 4.64 for the tibia, for a total region interest which is 25 % of femur estimated bone length and 30 % of proximal tibia estimated bone length. The relationships between the measured width and estimated length of the femur and tibia are derived from anatomic data published by Yoshioka et al. [30] . All scans were acquired and analyzed by a trained technologist in the Bone Density Lab at Lyndhurst Centre, Toronto Rehabilitation Institute. In a sample of 110 participants, the least significant change for DXA is 2 % for the distal femur and 3 % for the proximal tibia.
pQCT assessment A pQCT scanner (XCT-2000, Stratec Mezintecknik, Pforzheim, Germany) was used to scan two sites on the tibia. The distal end and the tibia shaft were scanned to obtain information about trabecular bone and cortical bone, respectively. The right tibia was scanned, except in those participants with severe spasticity or other contraindications in which the left tibia was scanned instead (n=36). Reconstructing the 145 projection angles obtained by a narrow fan beam emitted from an X-ray tube creates an image. Bony landmarks at the medial condyle and medial malleolus were palpated, and a measuring tape was used to measure the distance between the two points. A line was marked on the leg at a spot corresponding to 66 % of the tibia length, measuring proximally from the distal landmark. The tibia distal endplate (anatomical reference point) was identified on a 30-mm coronal view of the joint line from the scout scan. The ultradistal tibia scan site was automatically located proximal to the tibia distal endplate at 4 % of the tibia length measuring proximally. The scanner was manually repositioned at the 66 % line to measure BMD and geometry at the tibia shaft. A single 2.5-mm slice was acquired at each site. A voxel size of 0.2 mm was used at the 4 % site, while a voxel size of 0.5 mm was used at the 66 % site. The 66 % site was not scanned for participants (n=3) whose calf circumference exceed the 15-cm gantry opening. To ensure consistency, the same technologist performed all the scans. We have established precision in our setting in individuals with and without SCI; the root mean square coefficient of variation was ≤2 % for all bone measures of interest [31] .
Analyses of the pQCT scans were performed using the manufacturer's software (Stratec XCT-2000 version 6.00). Contour mode 3 and peel mode 2 with an outer threshold of 130 mg/cm 3 and an inner threshold of 400 mg/cm 3 was used in CALCBD mode to assess TbvBMD (in milligrams per cubic centimeter). Contour mode 1 and a threshold of 710 mg/cm 3 were used in CORTBD mode to determine CTh (in millimeters), cross-sectional moment of inertia (CSMI, in millimeters raised to the fourth power), polar moment of inertia (PMI, in millimeters raised to the fourth power), and buckling ratio (BR) as it is the default threshold [32] . CSMI and PMI represent the ability of bone to resist bending and torsion, respectively. BR is defined as the subperiosteal radius divided by the mean CTh [(PERI×PERI)/(CRT_A)(2π)]; it expresses the likelihood of bone to buckle due to excessive cortical thinning. Higher values of BR suggest greater instability of thin walls, contributing to fractures [33] .
Statistical analysis
To ensure a stable model, 10-15 events are needed for every included correlate. There were 19 participants with fragility fractures, limiting our ability to include multiple correlates in a single statistical model. Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA). We used descriptive statistics to describe all participant characteristics, anthropometric measurements, and indices of bone strength. Dichotomous variables were presented as counts (percent), while continuous variables were presented as mean (SD). Comparisons between the group with fragility fractures and the group without fractures were performed using unpaired two-sided t tests for continuous variable and chi-square tests for dichotomous variables. The criterion for statistical significance was set at α=0.05. We did not adjust the overall level of analyses for multiple testing, as the analyses are primarily exploratory. Univariate analyses were used to determine whether clinical characteristics, including age, gender, motor complete injury (AIS A-B), DOI, and past
for the study. Double asterisks denote that letter mail or telephone follow-up was unsuccessful bisphosphonate use, were significant correlates of fragility fracture. We used logistic regression to examine the relationship between DXA-based and pQCT-based measurements of BMD or geometry and fracture history. Results are expressed as odds ratios (OR) per SD decrease in BMD and geometry, 95 % confidence intervals (CI), and associated p values. All p values are reported to three decimal places, with those <0.001 reported as p<0.001.
Results
Participants' characteristics
Of the 409 individuals approached, 274 were unreachable, deceased, or declined to participate. Following screening, we identified a total of 70 consenting men and women eligible for study participation. Figure 2 presents a study flowchart summarizing the recruitment and prescreening process prior to cohort assembly.
The anthropometric characteristics of the study participants are provided in Table 1 Twenty-seven percent of participants (n=19) had a history of fragility fracture following their SCI, where 13 (68.4 %) were men and 6 (31.6 %) were women. The number of individual fracture events per participant ranged from 1 to 7, with a total of 38 fragility fractures among 19 participants. Fragility fractures occurred as a result of torsion (n=5), lowvelocity falls (n=20), transfers (n=13), low-velocity fall during a transfer (n=2), and other methods (n=5) such as intercourse, spasms, and being hit in the leg. Lower extremity fractures occurred more frequently at the femur (n=16), followed by the tibia (n=11), ankle (lateral/medial malleolus or anterior and posterior surfaces of the distal tibia; n=5), knee and fibula (n=3), and hip (femoral neck or intertrochanteric regions, n=3). One participant reported three fractures around the knee (femur, tibia, and fibula) for which X-rays were unavailable to confirm fracture location; however, this participant sustained two other fractures, one at the left femur and one at the right hip, which were verified.
Indices of bone strength in cases and controls DXA scans of the distal femur could not be acquired on six participants, half due to prior bilateral fracture and half due to hardware presence. One proximal tibia scan could not be acquired due to the presence of hardware. During the pQCT scans, five ultradistal tibia scans and seven 66 % of the tibia length scans were not obtained because participants either missed their appointment, had severe spasticity, declined, had a health complication, or had a calf circumference which exceeded the gantry opening precluding accurate positioning for scan acquisition. Of the participants in whom a pQCT scan was not acquired, four had sustained a prior fragility fracture. Table 2 summarizes the mean and SD for indices of BMD and geometry obtained by pQCT and DXA. Individuals with SCI who had sustained a lower extremity fracture had lower aBMD of the total hip and femoral neck (p<0.05) and distal femur and proximal tibia (p<0.0001). Cases also had a much lower TbvBMD, CTh, CSMI, and PMI in comparison to the control group (p<0.05).
Relationship between bone mineral density and geometry and fracture risk Table 3 shows the association between BMD and geometry and fragility fractures among individuals with SCI. Each SD decrease in DXA-based and pQCT-based measures of BMD and geometry were associated with increased risk of fractures, except for CSMI (OR=2.0, 95 % CI=1.0-4.8, p=0.07).
Motor complete injury (p=0.01) was one clinical characteristic found to be associated with fragility fractures; age (p=0.98), gender (p=0.73), and prior bisphosphonate therapy (p=0.36) were not associated with lower extremity fragility fractures; however, longer DOI did trend towards fracture occurrence (p=0.08). After adjusting for motor complete injury, a 1 SD decrease in aBMD at the distal femur (where 1 SD refers to that obtained from a distribution obtained from the current sample of individuals with SCI) was associated with increased odds of fracture (OR=4.9; 95 % CI=1.7-17.5), as was a 1 SD decreases in aBMD at the proximal tibia (OR=6.1; 95 % CI=2.1-23.6). Decreased TbvBMD (OR=6.5; 95 % CI=1.9-32.9) and PMI (OR=3.2; 95 % CI=1.2-11.4) was associated with increased risk of fracture, while CTh (OR=2.2; 95 % CI=1.1-5.5) derived from pQCT at the 66 % site approached statistical significance in individuals with SCI. There were no associations found between fractures and total hip and femoral neck aBMD assessed by DXA or BR and CSMI assessed by pQCT.
Discussion
We found that men and women with chronic SCI who have sustained a fragility fracture post-SCI had significantly lower indices of BMD and bone geometry than those without fractures. In addition, we found that knee region aBMD was a strong correlate of fragility fractures, as were several other indices of bone geometry. However, after the addition of motor complete injury, only aBMD of the distal femur and proximal tibia, TbvBMD, and PMI were significantly associated with fragility fractures. Among the clinical characteristics we examined, motor complete injury (AIS A-B) was the only variable associated with fragility fractures; individuals with motor complete injury were more likely to have experienced a fracture than those with incomplete injury, which is consistent with prior studies [6, 19] . Completeness of injury has been previously determined to be associated with aBMD at the knee. One study suggests that men with complete injuries are ≥6 times more likely to have aBMD of the knee low enough to place them into the osteoporotic category [34] . These findings may be explained by Frost's mechanostat theory [35] , which suggests that bone strength is adapted by strains created by physiological loads; muscle contractions provide the largest load on bone. Individuals with incomplete injuries have the ability to contract their muscles, and possibly bear weight, which may explain the higher aBMD among individuals with incomplete injuries. A recent cross-sectional study performed on men and women with chronic SCI found that surrogate measures of muscle force production are strongly correlated with vBMD and BMC at the distal tibia, with the strongest correlations being seen in individuals with complete injury [36] . Given that a muscle-bone relationship exists in individuals with SCI, muscle atrophy is a probable explanation for ensuing decreases in bone strength. Therefore, completeness of injury greatly influences the loss of bone in the lower extremity and should be considered as an important nonmodifiable fracture risk factor in individuals with SCI.
We found that there is an association between aBMD in the distal femur and proximal tibia and fragility fractures in individuals with SCI, and PMI was also associated with fragility fractures. Our findings are consistent with Garland et al. [19] who found significant differences between knee aBMD in individuals with SCI with fractures and those without fractures. However, our results are unique from the aforementioned study in that aBMD in the knee remains a strong correlate of fractures even after adjusting for completeness of injury. Furthermore, our study used a validated protocol for obtaining knee region aBMD [29] , with established precision in individuals with SCI. It has also been previously determined that aBMD is a significant correlate of increased frequency of fractures in individuals with SCI after adjusting for age, DOI, and level of SCI [8] . Unfortunately, we were unable to assess the association between aBMD and the number of fractures per participant as the median number of fracture events was not large enough; 14 of our 19 individuals with fractures had only 1 or 2 fracture events, while the remaining individuals had either 3, 5, or 7 fractures events. Similar to our findings, De Bruin et al. [37] reported that men with complete SCI with a history of lower extremity fractures had a substantially lower area moment of inertia of the tibia, suggesting that the distribution of bone mineral around the bone's bending axis is decreased in the SCI population with fragility fractures compared to those without. The association between CTh and PMI and fragility fractures may explain why individuals with SCI are susceptible to fractures as a result of torsional forces (e.g., during transfers).
Femoral neck aBMD was confirmed to be associated with fragility fractures in our sample [8] ; however, it was no longer significant after adjusting for completeness of injury. The hip region is not the most common fracture site in the SCI population; however, we assessed it because it is the standard to assess the 10-year fracture risk in postmenopausal women and men over the age of 50 years [11, 12] , and it is continuously used to assess fracture risk in individuals with neurological and muscular impairments. Our findings suggest that distal femur or proximal tibia aBMD in individuals with SCI is more strongly correlated with fracture than femoral neck aBMD. However, not all centers have standardized protocols for measuring knee aBMD. We suggest that the interpretation of femoral neck aBMD be made with an understanding that it may not accurately reflect fracture risk in SCI as aBMD of the distal femur and proximal tiba are fracture-prone sites and that other clinical correlates, such as completeness of injury, should be considered in decision-making. Further, it would be advisable to include a knee aBMD outcome or pQCT-based measures of bone geometry in any future trials evaluating interventions or fracture risk assessment protocols.
Individuals with SCI present with a unique pattern of regional low bone mass, the pathophysiology which is likely multifactorial. Muscle atrophy, lack of weight-bearing activity, autoimmune-mediated mechanisms, and loss of neural innervation to bone are among the proposed mechanisms [38] . Low bone mass and poor bone quality among individuals with SCI may be mediated in part by modifiable risk factors, such as secondary hyperparathyroidism, a common health concern among individuals with SCI [39] [40] [41] [42] . We [43] and others [44] have observed that hyperparathyroidism can persist in chronic SCIs [43] . Indeed, parathyroid hormone (PTH) level was positively correlated with 25-hydroxyvitamin D status and the serum bone resorption marker, CTX-I, in individuals with chronic SCI [43] . We chose not to examine bone turnover or hormone levels as potential correlates of fracture a priori because of our cross-sectional design; any bone loss attributable to elevated bone turnover or hormone levels in the past should have manifested as altered BMD or structure. However, a future aim is to examine whether the presence of elevated bone turnover or PTH or suboptimal vitamin D status is a contributor to bone loss in the chronic stages of SCI through long-term follow-up of our cohort. We have observed that changes in aBMD and cortical bone geometry in individuals with SCI may contribute to fracture risk, and the identification of modifiable risk factors for fracture in SCI, such as elevated PTH, may facilitate the development of targeted fracture prevention strategies.
The most notable strength of our study is that we have a population consisting of both men and women with a diverse level of neurological impairment (C1-L1 AIS A-D). We acknowledge that there are limitations to the study. This study was a cross-sectional study; therefore, a causal relationship between fragility fractures and indices of BMD and geometry could not be established. An additional limitation was that we are unable to confirm the generalizability of the data from our sample; many of the individuals approached regarding study participation declined to participate, were unreachable, had deceased, or did not meet the study inclusion. However, given the difficulties recruiting individuals with SCI and the paucity of data on correlates of fracture after SCI, the current study adds important insight on fracture risk assessment in SCI. Due to the limited number of events, we were unable to perform multivariable analysis assessing whether or not the addition of pQCT parameters to the aBMD model explains any additional variance or perform logistic regression examining correlates of specific types of fractures. Our participants were also recruited from a tertiary osteoporosis clinic; for that reason, 54 % of our participants were on bisphosphonate treatments to improve their bone health. The average duration of bisphosphonate use in our sample was approximately 32 months. However, in our sample, bisphosphonate use was not correlated with fragility fracture. Finally, we did not exclude total hip DXA scans that contained heterotopic ossification and other clinical irregularities proximal to the lesser and/or greater trochanter. We also included pQCT scans with movement artifacts. Movement artifacts can occur with spasticity and could have contributed to overestimations and underestimations in bone measures. However, we found that removing the scans with movement artifacts did not result in changes to the mean values of the pQCT-based measurements of bone or the OR.
Conclusion
In summary, we found that distal femur and proximal tibia BMD and bone geometry parameters are associated with fragility fractures in individuals with SCI. The findings presented in this study provide the framework for future enquiry into the relationship between fragility fractures and indices of bone quality assessed noninvasively by pQCT and risk factors associated with sublesional osteoporosis. The results also provide preliminary evidence to support the current routine practice of assessing distal femur and proximal tibia aBMD as a means of predicting individual fracture risk. A larger prospective study is required to confirm the clinical characteristics, BMD, and bone strength measures ideal for fracture risk assessment in individuals with chronic SCI.
